Abstract-The variation in the Raman gain coefficient in single-crystal diamond for pump wavelengths between 355 and 1450 nm is measured. Two techniques are used: a pump-probe approach giving an absolute measurement and a stimulated Raman oscillation threshold technique giving a relative measurement. Both approaches indicate that the Raman gain coefficient is a linear function of pump wavenumber. With the pump polarized along a < 111 > direction in the crystal, the Raman gain coefficient measured by the pump-probe technique is found to vary from 7.6 ± 0.8 for a pump wavelength of 1280 nm to 78 ± 8 cm/GW for a pump wavelength of 355 nm. With the established dependence of the Raman gain coefficient on the pump wavelength, the Raman gain coefficient can be estimated at any pump wavelength within the spectral range from 355 up to 1450 nm.
I. INTRODUCTION

S
IGNIFICANT progress has been made recently in the power scaling of continuous wave (CW) intracavity diamond Raman lasers, from a few hundreds of milliwatts [1] to 5.1 W [2] over the last two years. This has been extended to 10 W using an external cavity approach [3] . To a great extent, this has been enabled by recent advances in the manufacture of synthetic diamond [4] , [5] . Substantial reductions have been achieved in the absorption coefficient (from 0.03 cm −1 [1] down to 0.004 cm −1 [2] ) in material that simultaneously has low birefringence. This, combined with the high integral and peak Raman cross-sections in diamond [6] and its unrivalled thermo-optical properties [4] , [5] , [7] , has triggered recent experimental work on the application of synthetic diamond as a Raman laser crystal, building on the first demonstration of stimulated Raman scattering (SRS) in this crystal [8] . Both pulsed [9] - [15] and CW [1] - [3] , [16] external cavity and intracavity diamond Raman lasers have been demonstrated pumped by doped-dielectric lasers; tunable CW operation has also been achieved using a semiconductor disk laser as the pump source [17] .
The Raman-related properties of diamond have been the subject of intensive study since 1930, when the first Raman spectrum of the diamond was presented [18] - [25] . The Raman gain coefficient in diamond is directly relevant to the study of stimulated Raman scattering (SRS) in solid-state media in general and to Raman laser engineering in particular. The variation of this quantity with wavelength will determine the spectral range within which diamond Raman lasers will operate efficiently. The values in the literature for the Raman gain coefficient in diamond at a specific pump wavelength often vary widely [9] , [10] , [12] - [14] , [21] , [26] . Further, most of these measurements are at two pump wavelengths: 1064 nm [12] , [13] , [26] and 532 nm [9] , [10] . The wider spectral dependence has not been determined experimentally.
The Raman gain coefficient is typically deduced in one of two ways: from a comparison of the SRS threshold in diamond with that for a material with a known gain coefficient [26] , or from modelling of the measured Raman laser performance [9] , [10] , [12] , [13] . Due to differences in crystal orientation, sample quality and pump polarization, which are often not detailed in the papers, reported Raman gain coefficients vary from 50 cm/GW [10] to 75 cm/GW [9] at a pump wavelength of 532 nm and from 12.5 cm/GW [26] to 21 cm/GW [2] at 1064 nm. Other values quoted are 6.9 cm/GW [21] at 694 nm in natural diamond, calculated from the theory of SRS, and 100 cm/GW [14] at 266 nm, estimated after Raman laser performance modelling. To the best of our knowledge, the steady-state Raman gain in single crystal (SC) chemical vapour deposition (CVD) grown diamond has been measured directly using a pump-probe technique only in [2] at the pump wavelength of 1064 nm.
Very few measurements of the dependence of the Raman gain on pump wavelength in solid-state media have been published. Such measurements were performed on barium tungstate [27] and barium nitrate [28] within a relatively narrow band of pump wavelengths (532-1064 nm). SRS theory predicts that the Raman gain coefficient should vary as one over the Stokes (and hence the pump) frequency [29] - [31] . However, experimentally, the Raman gain coefficient was found to decline more rapidly than expected theoretically towards longer pump wavelengths [27] , [28] .
In this paper we present the results of the first systematic study of the dependence of the steady-state Raman gain coefficient in single-crystal CVD diamond on pump wavelength. The absolute values of Raman gain coefficient for pump wavelengths between 355 and 1280 nm were measured directly using a pump-probe technique. In addition, the relative Raman gain was deduced from measurements of the stimulated Raman oscillation threshold at pump wavelengths between 0018-9197/05$31.00 © 2013 IEEE 355 and 1450 nm. In both cases the Raman gain shows a linear dependence on pump wavenumber. The pump probe measurements indicate that the gain coefficient increases from 7.6 ± 0.8 cm/GW at 1280 nm to 78 ± 8 cm/GW at 355 nm.
The next section describes the experimental methods for Raman gain measurement: pump-probe and threshold techniques. Section 3 presents the results of loss measurements in the diamond sample. Section 4 then discusses the results, and is followed by some conclusions.
II. EXPERIMENTAL SET-UP: RAMAN GAIN MEASUREMENTS
The single-crystal CVD-grown diamond under investigation was supplied by Element Six Ltd. The same sample was used as in a previous study [2] . It was cut for light propagation along a < 110 > axis and had a length of 6.5 mm. The crystal had a low birefringence of n ∼ 1.3 × 10 −6 [2] . The sample had no anti-reflection coatings.
The Raman gain coefficient in this sample was measured at different pump wavelengths using an established pumpprobe technique [27] , [32] , [33] . The main advantage of this approach is that it directly measures the absolute value of the gain coefficient. Relative changes in Raman gain with pump wavelength were also determined by measuring the threshold for the onset of stimulated Raman oscillation in the sample. For both experiments the pump was either a Continuum Panther Optical Parametric Oscillator (OPO), used to produce wavelengths between 532 and 1450 nm, or a Continuum Minilite II laser for the wavelength of 355 nm. The pulse duration was ∼ 8 ns in all cases. The OPO was pumped by a Nd:YAG laser in either unseeded or injection seeded mode with the OPO linewidth being narrower in the latter case. OPO linewidths within the spectral range of 670-1450 nm were measured using an optical spectrum analyser (Agilent 86142B). The linewidths at shorter wavelengths and the linewidth of Minilite laser at 355 nm were taken from the manufacturer's data.
The pump-probe set-up is presented in Fig. 1 (a). The pulses emitted by the pump (1) were split at a 50/50 beam splitter (2) with both transmitted and reflected beams being attenuated using a half wave plate (3) and a Glan prism (4). The transmitted beam was used to pump the diamond sample under investigation (5) after being focused using a lens of focal length f = 300 mm (6) .
The reflected beam was focused into a second diamond sample (7) using lens (8) ( f = 50 mm) to provide a probe pulse at the Raman wavelength. A Raman cavity was formed by a dichroic mirror (9) (highly reflective at the probe wavelength and highly transmitting at the pump wavelength) and the back surface of the diamond, which reflects approximately 17% (Fresnel reflection) of the Raman and pump. Further dichroic mirrors (10) were used to filter out the residual pump from the Raman probe beam produced. A glass plate (15) was used to pick off a small fraction of the probe beam. This was then focused into a photodetector (11) . The remaining probe was brought collinear with the pump beam using another dichroic mirror (10) with the same properties as before and focussed into the diamond. The beams exiting the diamond were then collimated (lens (6)) and separated (dichroic mirror (10)). The amplified probe beam was focused into a second photodetector (12) . The signals from detectors (11) and (12) were analysed by the oscilloscope (13) . The signals from the detectors were averaged over 100 laser shots, and the resulting uncertainty in the amplified signal was ∼ 1%.
In the pump-probe experiments, the gain is measured in the Raman amplifier regime [29] . In this case, the pump intensities are relatively modest and substantially lower (as it will be shown below) than the intensities required to achieve the threshold for stimulated Raman oscillation [29] in diamond. Operation in the linear amplification regime was ensured by careful control of the pump intensity. Slight tilting of the diamond under investigation with respect to the pump axis and a wedge of 0.9˚between the end faces of the crystal [2] prevented stimulated Raman oscillation affecting the pumpprobe measurements.
The experimental set-up for the stimulated Raman oscillation threshold measurements is depicted in Fig. 1(b) . The pump emission from the laser (1) was attenuated using a half wave plate (2) and a Glan prism (3). It was then focused into the sample under investigation (4) by a lens (5) with a focal length of 200 mm. The Raman emission generated in the sample was filtered out from the pump radiation using a dichroic mirror (7) and focused down with a lens (6) into the entrance slit of a monochromator (8) . The Raman signal was measured using a photodetector (9) , and analysed with an oscilloscope (10) .
Detectors (11), (12) [ Fig. 1(a) ], and (9) [ Fig. 1(b) ] were DET 100 photodiodes (Thorlabs) at pump wavelengths of 355-1064 nm and PDA-10CS (Thorlabs) at 1280-1450 nm. The pump (in both experiments) and the probe (in the pump-probe measurements) were polarised along a < 111 > direction in the diamond, the direction of highest Raman gain [2] , [12] .
The pump/probe spot sizes were measured using a CCD camera. The averaging was performed over 100 laser shots. The resulting uncertainty in spot sizes did not exceed 3%.
III. MEASUREMENTS OF LOSS IN DIAMOND
Optical absorption in CVD diamond results mainly from the presence of substitutional nitrogen [5] and the value of the absorption coefficient increases at shorter wavelengths [5] . This absorption should be taken into account when calculating the Raman gain coefficient (as shown below).
The absorption coefficient in the diamond crystal was measured using a simplified calorimetry technique (described in [2] ) at wavelengths of 1064, 640, 532, 452 and 364 nm. The results are presented in Fig. 2 as a function of pump photon energy (solid squares); the solid line is the best fit to the data using an exponential growth function. The absorption coefficient was found to increase substantially from 0.03 cm −1 at 1064 nm to 0.7 cm −1 at 364 nm. The measured absorption coefficient of the investigated diamond at 1064 nm is ∼ 10 times higher than the one in the crystal studied by us before [2] with the single substitutional nitrogen concentration of 20 ppb, but is the same as the absorption coefficient estimated for the sample that was used for demonstration of the first CW diamond Raman laser [1] . According to results of measurements of the dependence of the absorption coefficient in diamond on the nitrogen content [5] , the concentration of single substitutional nitrogen in the studied sample can be estimated to be 100 ± 20 ppb.
IV. RESULTS AND DISCUSSION
A. Pump-Probe Technique
It has been demonstrated previously [34] - [37] that stimulated Raman amplification depends on the linewidth of the pump source ν L . This is illustrated in Fig. 3 which shows the typical dependences of the fractional gain (the definition of this term is presented below) in diamond on the pump energy at a wavelength of 670 nm when the OPO is operated in unseeded ( ν L = 5 cm −1 ) and seeded ( ν L = 2 cm −1 ) pump modes: larger gain per unit pump energy is seen for narrower linewidth seeded pump operation.
Therefore, the equation for calculation of the Raman gain coefficient g (1) [33] (and the equation for the relative Raman gain (5)) has been modified by including the term (1 + ν L / ν R ) [34] , [37] , which takes into account the linewidth of the pump emission and that of the Raman scattering ( ν R ). It should be noted that the data in Fig. 3 fits well with this correction factor. The absorption coefficients α L and α R of the sample at the pump and probe (Raman) wavelengths have also been factored into the equation to account for attenuation of the pump and probe intensity [30] :
In (1-3) ω P (ω S ) and τ P (τ S ) stand for the pump (probe) beam radii and pulse durations (at 1/e 2 of the peak intensity). L is the sample length. E s and E s0 are the probe energies after and before the sample, respectively, E inc is the incident pump energy and R is the Fresnel reflection from the diamond surface (R was chosen to be 0.17 within the 355-1800 nm spectral range, since the refractive index of diamond varies from 2.49 at a wavelength of 355 nm to 2.384 at 1800 nm [38] and, therefore, Fresnel reflection from a diamond surface changes insignificantly from 0.18 to 0.167 within this spectral range). The equation for the effective pump pulse energy E ef f presented in (2) results from the energy lost to the Fresnel reflection from the front surface of the diamond being partially balanced by the Fresnel reflection back into the sample from the rear surface in line with calculations made in [2] . The Raman linewidth in CVD grown diamond was reported to be 2.1 [39] and 2.5 cm −1 [40] , [41] . The latter value better describes the relative changes in Raman amplification at different pump linewidths (see Fig. 3 ) and therefore was chosen for further Raman gain calculations. It should be noted that with a value of ν R = 2.1 cm −1 the corresponding values of the Raman gain would be ∼ 8% higher. From (1) it follows that the Raman gain coefficient can be calculated from the dependence on incident pump energy on the ratio of the probe energy after (E s ) and before (E s0 ) the sample [33] . The voltage produced by photodetectors (11) and (12) (U 11, 12 ) (see Fig. 1 (a) ) is proportional to the energy incident upon them, i.e. U 11 = K 11 E s0 and U 12 = K 12 E s where K 11, 12 are the constants of proportionality. The lefthand side term in (1) then equals:
where (U 12 /U 11 ) P(W P) = U P(W P) are the ratios of signals taken when the sample under investigation is (is not) pumped.
The spatial, temporal and spectral (linewidth) characteristics of the pump emission from the OPO and the Minilite laser as well as the absorption coefficient of the diamond vary with the wavelength; hence, in Fig. 4 , the fractional Raman gain (U P /U W P − 1) is plotted as a function of the term in square brackets in eq. (1). This quantity is proportional to the pump intensity. The measurements were performed with the OPO operating in seeded mode. Equation (1) is valid within the linear amplification regime. Therefore, only the linear part of the amplification of the probe signal is presented in Fig. 4 , similar to [2] .
The solid lines in Fig. 4 are the results of least squares linear fits to the experimental data with a condition of a fixed intercept at the origin. The typical error in the gradient is ±10%. It is mainly associated with the scatter of the data points and is substantially higher than typical uncertainties in pump/probe spot sizes and uncertainties of any data point. The gradient at each wavelength and eq. (1) were used to calculate the corresponding Raman gain coefficients. These are shown in Fig. 5 with solid squares and presented in Table I . The value of the Raman gain coefficient of 17 ± 2 cm/GW at the pump wavelength of 1064 nm measured in the present paper is within the experimental uncertainty of the value of 21 ± 2 cm/GW measured earlier at the same pump wavelength [2] .
B. Stimulated Raman Oscillation Threshold Technique
For a Raman oscillator, the gain (G = gIL (I is the pump laser intensity) [29] ) at the stimulated Raman oscillation threshold should be equal to losses in the sample under study (similar to a conventional laser) [29] , [42] , [43] . The resonator of the Raman oscillator in the studied diamond crystal is formed by uncoated surfaces with Fresnel reflections of R = 0.17. The total loss in the sample under study is the sum of two parts [43] . The first part, L 1 , independent of Raman wavelength, is due to Raman emission leakage through the uncoated surfaces of the diamond, multiplied by the factor k > 1, which accounts for some misalignment of the resonator due to a wedge between the end faces of the crystal:
The second part, L 2 , dependent on Raman wavelength, is due to attenuation of the Raman emission inside the diamond crystal: L 2 = 2α R L. Since within the Raman wavelength range of 370-1800 nm L 1 is at least 4 times higher than L 2 (even before the coefficient k is accounted for), we can assume that losses of the uncoated diamond sample are roughly the same at different wavelengths and in our case are mainly determined by the Fresnel losses of the diamond surfaces and the wedge between its end faces. Thus, the relative Raman gain at different pump wavelengths can be compared by comparing the incident pump intensities which correspond to the threshold for stimulated Raman oscillation I th,inc . Above the threshold intensity, the stimulated Raman signal builds up rapidly [29] . The threshold can be estimated from a fit to the linear portion of a plot of stimulated Raman intensity as a function of pump intensity, as is commonly done for conventional lasers [42] .
The threshold method for calculating the relative Raman gain was employed to demonstrate the relative dependence of the Raman gain coefficient in diamond on the pump wavelength and to compare this with that obtained via the pump-probe technique.
The relative Raman gain can be extracted from the values of the stimulated Raman oscillation threshold using the following equation [29] , taking into account the linewidth of the pump emission and the Raman linewidth as well as the attenuation of the pump intensity within the sample [30] :
Stimulated Raman oscillation threshold measurements in diamond at different pump wavelengths are presented in Fig. 6 . The Raman signal in Fig. 6 is plotted as a function of the product of the effective pump intensity I e f f = I inc (1 − R 2 ) and effective length of the diamond crystal L e f f (I inc is the incident pump intensity). This accounts for the different absorption coefficients of the diamond crystal at different pump wavelengths. The transition from spontaneous Raman scattering to the stimulated oscillation results in the observed rapid increase in the Raman scattered signal above threshold. The solid lines in the figure are the linear fits to the stimulated Raman part of experimental dependence. Relative values of Raman gain in diamond at different wavelengths estimated using (5, 6 ) and normalized to the largest value are shown in Fig. 5 (open circles) . Good agreement is observed between the two methods of measuring the Raman gain when the righthand vertical axis in Fig. 5 is scaled from 0 up to 1.7 and the left-hand one is scaled from 0 up to 150 cm/GW.
Optical damage of the diamond surface was observed at pump intensities of ∼ 6 GW/cm 2 at a pump wavelength of 1450 nm. This prevented further measurements of the stimulated Raman oscillation threshold in diamond at longer wavelengths.
Previously reported values of the Raman gain in diamond at different wavelengths are also shown in Fig. 5 (triangles) . Two groups of data points are shown: the first (open triangles) are for cases where the diamond orientation is not reported; the second (solid triangles) presents the values measured in diamond with known orientation, and where we have corrected the gain coefficient for pump polarisation along a < 111 > direction in diamond. In general, these are in good agreement with the measured values presented in this paper. The difference in the value of the Raman gain at 670 nm presented in this paper with that reported in [21] may be related to the different quality of investigated diamonds. The absolute and relative values of the Raman gain in diamond both scale linearly with the pump wavenumber (see Fig. 5 , dotted line).
V. CONCLUSION
Pump-probe and stimulated Raman oscillation threshold techniques were used to give absolute and relative measurements of the steady-state Raman gain coefficient in CVDgrown single-crystal diamond. Both methods indicate that the Raman gain coefficient is a linear function of pump wavenumber within the pump wavelength range between 355 and 1450 nm. The measurements were taken with the pump polarisation along a < 111 > direction in the diamond. The Raman gain coefficient, determined using the pump-probe technique, varied from ∼ 7.6 ± 0.8 cm/GW for a pump wavelength of 1280 nm to 78 ± 8 cm/GW at 355 nm. This is in reasonable agreement with previously reported values of the Raman gain coefficient in diamond whilst experimentally verifying a 1/λ dependence on the pump wavelength for the first time. At the technologically important pump/Raman wavelengths of 532/573 nm, 1064/1240 nm and 1.28/1.54 μm the Raman gain coefficients were measured to be 42 ± 4, 17 ± 2 and 7.6 ± 0.8 cm/GW respectively. These measurements, and the confirmation of how the Raman gain coefficient varies with wavelength, will assist with the design of future diamond Raman lasers.
